Abstract Nanoelectrode arrays (NEAs) are increasingly applied for a variety of electroanalytical applications; however, very few studies dealt with the use of NEAs as an electrochemical generator of electrogenerated chemiluminescence (ECL). In the present study, arrays of nanodisc and nanoband electrodes with different dimensions and inter-electrode distances were fabricated by e-beam lithography on a polycarbonate layer deposited on boron-doped diamond (BDD) substrates. In particular, NEAs with 16 different geometries were fabricated on the same BDD sample substrate obtaining a multiple nanoelectrode and ultramicroelectrode array platform (MNEAP). After electrochemical and morphological characterization, the MNEAP was used to capture simultaneously with a single image the characteristic behaviour of ECL emission from all the 16 arrays. Experiments were performed using Ru(bpy) 3 2+ as the ECL luminophore and tri-n-propylamine (TPrA) as the co-reactant. With a relatively limited number of experiments, such an imaging procedure allowed to study the role that geometrical and mechanistic parameters play on ECL generation at NEAs. In particular, at high concentrations of TPrA, well-separated individual ECL spots or bands revealed an ECL signal which forms a pattern matching the nanofabricated structure. The analysis of the imaging data indicated that the thickness of the ECL-emitting zone at each nanoelectrode scales inversely with the co-reactant concentration, while significantly stronger ECL signals were detected for NEAs operating under overlap conditions.
Introduction
Electrogenerated chemiluminescence (ECL) is the phenomenon of light emission produced by the excited state of a luminophore which results from an initial electrochemical reaction [1] . ECL is thus triggered by an electron transfer reaction at the electrode surface, and it ends with the light emission from an excited state [2] [3] [4] . Therefore, it combines intimately electrochemistry and photochemistry. The discovery of ECL emission in aqueous media [5] has attracted an enormous attention in analytical and bioanalytical chemistry owing to its excellent detection capabilities [6] [7] [8] . The process is based on a reaction cascade initiated at an electrode surface between a Published in the topical collection Analytical Electrochemiluminescence with guest editors Hua Cui, Francesco Paolucci, Neso Sojic, and Guobao Xu.
Electronic supplementary material The online version of this article (doi:10.1007/s00216-016-9504-1) contains supplementary material, which is available to authorized users. sacrificial co-reactant species and a luminophore. This approach is very useful since ECL emission may occur in water at physiological pH by applying a single potential step or by scanning the potential in a single direction. The luminophore is regenerated during the ECL process, whereas the coreactant is irreversibly consumed. The co-reactant produces very energetic radicals following the initial electrochemical reaction, and the excited state of the ECL emitter is formed very efficiently by an oxidative-reduction mechanism in water. The most common system used for analytical purposes consists of the luminophore tris(2,2′-bipyridyl)ruthenium(II), Ru(bpy) 3 2 + , and it can be considered as an ECL standard. Model co-reactant species providing high ECL efficiency in a q u e o u s m e d i a a r e t r i -n -p r o p y l a m i n e ( T P r A ) , 2-(dibutylamino)ethanol or oxalate [9] [10] [11] . The generation of ECL via the oxidative-reduction mechanism may follow different pathways depending on the respective concentrations of the luminophore and co-reactant, the nature of the electrode surface, the presence of surfactants, the pH, the immobilization of the luminophore, etc. The process involves a rather complex series of events which can be summarized as follows: mass transport of the luminophore, co-reactant and products to/from the electrode/solution interface; heterogeneous electron transfer between the electrode and electroactive species; homogeneous chemical reactions coupled with the electron transfer; formation of the electronically excited state; and relaxation to the ground state and emission of photon by the luminophore. Since no excitation light source is required during the process to induce the ECL emission as in fluorescence, the background signal is very low and thus the technique is highly sensitive, allowing to achieve extremely low detection limits. Combining the electrochemical and photochemical concepts and techniques makes ECL a remarkably versatile method, which offers many intrinsic advantages for analytical applications: high linear dynamic range, selectivity and stability of the luminophore, insensitivity to matrix effects, in situ generation of the reactive species, electrochemical control of the time and duration of the process and easy conjugation of the luminophore to biomolecules (e.g. antibodies, DNA or RNA). The location of the ECL-emitting region may also be controlled electrochemically [12] [13] [14] [15] . In addition, the optical readout of ECL offers the advantages of interrogating simultaneously and individually all the sensing elements, forming an array by imaging the light intensity distribution. For instance, original ECL arrays for genotoxicity and for the detection of cancer biomarker proteins have been reported [16] [17] [18] [19] . ECL immunoassays are also commercialized by Meso Scale Diagnostics using specially made microtiter plates containing carbon electrodes modified by capture molecules in each well. Multiplexed sandwich immunoassays based on ECL arrays have also been reported [20] .
A large number of studies developed in the last decades have demonstrated that the efficiency of mass transport phenomena at electrode/solution interfaces increases dramatically when the critical dimensions of the electrode surface are lowered down to the micrometre or even nanometre range [21] [22] [23] . Because of possible cooperativity between neighbouring electrodes, these effects are even more relevant and can be more easily detected, when using arrays of nanoelectrodes [24] [25] [26] . In nanoelectrode ensemble (NEE) and in nanoelectrode array (NEA), individual nanoelectrodes are randomly or orderly distributed, respectively [27, 28] . NEEs/NEAs are characterized by improved electrochemical performances because their nanoscopic dimensions reflect in very low capacitive currents, so dramatically lowering detection limits [24, [29] [30] [31] [32] [33] . Moreover, arrays have the advantage to furnish much higher current signals than individual nanoelectrodes, without requiring a sophisticated electronic amplification of the current nor shielding with a Faraday cage. The enhanced efficiency of mass transport at nanoelectrodes has dramatic consequences on the role played by the kinetics of the electron transfer [24, 25, 34] and of chemical reactions associated with the electron transfer, including those reactions involved in ECL emission. Indeed, when diffusion at nanoelectrodes is accelerated as a consequence of the point-like dimension of the electrode (with respect to the diffusion layer thickness), other kinetics steps can become slower than mass transport, with significant effects on the overall rate of the electrochemical process [24, 35] . Up to now, the electrochemical behaviour of redox processes at NEEs/NEAs has been studied mainly for the case of rather simple electron transfer processes, involving the direct reduction/ oxidation of reversible or quasi-reversible redox probes, eventually coupled with very fast (and therefore kinetically un-influent) chemical reactions [36] [37] [38] . This holds both for experimental and theoretical studies [39] [40] [41] [42] [43] [44] [45] . Concerning specifically with ECL, very few reports presented the possibility to combine the remarkable properties of micro/nanoelectrode arrays with the excellent detection capabilities of ECL. For instance, ECL generation was reported by the annihilation pathway at microband electrodes and microfabricated interdigitated electrode arrays [13, [46] [47] [48] [49] . Arrays that composed of 1000 individual microband electrodes for ECL [50] and dispersion of conductive micro-objects [51] have also been addressed in a wireless manner by bipolar electrochemistry to produce ECL. Spatially resolved ECL was described also on an array of electrode nanotips [52, 53] . More recently, we reported a novel immunosensor for coeliac disease diagnosis, based on ECL readout, using NEEs as the detection platform [54] . The use of NEEs operating under total overlap diffusion conditions was advantageous since the biorecognition step (antigen/ antibody interaction) and the electrochemistry of the Ru(bpy) 3 2 + label (antibody bound) were localized on the polycarbonate (PC) surrounding the nanoelectrodes. In this way, the ECL emission by the label was tuned by the diffusion of radicals generated by the electrochemical oxidation of TPrA at the surface of the nanoelectrodes.
In the present work, in order to get insight into the parameters which influence the generation of ECL at arrays of nanoelectrodes, we chose to study NEAs with well-controlled geometry. Recently, arrays of nanodisc and nanoband electrodes with different dimensions and inter-electrode distances were prepared by e-beam lithography [55, 56] . To the aim of the present study, we selected boron-doped diamond (BDD) as the electrode material to prepare the NEAs. BDD is particularly attractive for ECL studies thanks to its high chemical and electrochemical stability, satisfactory electrical conductivity and wide potential window [57, 58] . The preparation of arrays and ensembles of BDD nanoelectrodes has been previously achieved by a nanoparticle-templated procedure [59] and by nanosphere lithography [60] . Herein, NEAs with 16 different geometries were fabricated on the same BDD substrate ( Fig. 1 ) by using a highly controllable e-beam lithographic procedure, recently developed in our laboratories, based on the use of PC as high-resolution e-beam resist [56, 61] . This allowed us to obtain a multiple nanoelectrode and ultramicroelectrode array platform (MNEAP), composed by individual electrodes with critical size from 100 to 1000 nm. Even if four of the arrays in the MNEAP contain electrodes with a critical size of 1000 nm (that are more pr operly classified as ultramicroelectrodes) for simplification reasons, we choose to name all the arrays in the MNEAP with the NEA acronym.
By using ECL imaging of the MNEAP, we captured simultaneously, in a single image, the characteristics of the ECL emitted from the different NEAs. Indeed, with a micrometric or submicrometric optical resolution, the site of photon emission does not coincide virtually with the site of electron transfer reaction at the electrode surface. This allowed examining comparatively the characteristics of ECL emission as a function of the geometrical features of the array as well as of the concentration of a model co-reactant, TPrA.
Experimental Fabrication of the arrays
The MNEAPs were fabricated using Si substrates coated w i t h a 4 0 0 -n m -t h i c k l a y e r o f B D D ( A d a m a n t Technologies SA). At first, markers were created in order to help the identification of the arrays position with the microscope (for details on the fabrication of markers, see Electronic Supplementary Material, ESM 1). After this step, the sample was treated with O 2 plasma for 15 s and films of PC were spin coated on the BDD surface at 2000 rpm and baked at 180°C for 30 min. The resulting average film thickness (measured with a Dektak profilometer) for samples prepared from 3 % PC solutions in cyclopentanone was 87 nm. The pattern of the Table S1 . The structures reported in Fig. 1 were cleaned from residuals of resist by oxygen plasma in an ICP reactor at 4 mT pressure, applying 200 W and 10 W RF power to the coil and to the platen, respectively, resulting in a bias of 30 V.
Optical and electrochemical instrumentation and methods
Dark-field optical microscopy measurements were performed with a Nikon Optiphot 150 microscope. A modified epifluorescence microscope (BX-30, Olympus) was used for bright-field (BF) and ECL imaging. BF and ECL emission images were collected by a ×50 microscope objective and detected by an Electron Multiplying Charge Coupled Device (EM-CCD) camera (Hamamatsu, 9100-13). Dark-field and bright-field optical microscope images of the MNEAP confirmed that the geometrical features of the 16 arrays in the MNEAP corresponded to the microfabrication scheme (ESM 1, Fig. S3 ) and that the entire surface between the electrodes is covered by a continuous PC layer.
Electrochemical measurements were performed with an Autolab type III potentiostat, using a three-electrode configuration where the MNEAP, a platinum wire and an Ag/AgCl/KClsaturated electrode were the working electrode, the counter electrode and the reference electrode, respectively. ECL emission was generated by applying a constant potential of 1.2 V vs. Ag/AgCl/KCl. The ECL images of the samples were recorded in phosphate buffer solutions (PBS), pH 7.4, containing 1 mM Ru(bpy) 3 2 + and different concentrations of TPrA. They were obtained in normal CCD mode and for a 2-s exposure time.
Results and discussion
Electrochemical characterization of the BDD-based MNEAP NEAs were obtained by creating an array of nanoholes or nanobands using e-beam lithography in a thin film of PC deposited on top of the BDD layer. The electrodes are slightly recessed since the thickness of the insulating PC layer was 87 nm. The geometries of the different arrays produced on the same MNEAP are shown in Fig. 1a . Each electrochemical platform consisted of 16 arrays of discs and bands. In the following, each NEA is identified by an X.Y. code where X and Y are the line and column number, respectively, in the matrix of arrays which compose the MNEAP (see ESM 1, Fig. S1 ).
Each line of the sample includes a series of four arrays in which the centre-to-centre distance (d for discs) or pitch (D for bands) is kept constant, while the disc radius (r) or band width (w) is increased. In each column, the discs radius (r) or band width (w) is constant and their spacing (i.e. d or D) varies. Note that all the NEAs in the platform are electrically connected by the BDD under-layer, and therefore, they experience the same applied potential. Figure 1b displays the NEA formed by nanodisc electrodes with r = 150 ± 10 nm and d = 3 μm (first line and first column-NEA 1.1, see Fig. 1a and ESM 1,  Fig. S3, for the identification key) . A single disc nanoelectrode is displayed at high magnification, and it reveals the underlying nanocrystalline BDD layer. Figure 2a displays the typical cyclic voltammograms of the MNEAP. The cyclic voltammogram recorded in PBS solution (black line) shows a very small double-layer charging current, as expected for a BDD microelectrode. In the presence of 1 mM Ru(bpy) 3 2 + (blue line), an oxidation peak appears at 1.150 V vs. Ag/AgCl/KCl which corresponds to the one-electron oxidation of Ru(bpy) 3 2 + . The BDD electrode material shows good electrochemical behaviour. It can be noticed that the shape of the cyclic voltammogram is intermediate between peak-shaped and sigmoidally shaped which are characteristics of linear and radial diffusional regimes, respectively. This is explained by the fact that we recorded the faradaic signal gathered simultaneously by 16 NEAs with different geometries. For instance, on the basis of their geometrical features, NEAs in the first column (1.1-4.1) are expected to operate under pure radial control conditions while those in the fourth column (1.4-4.4) should operate under overlapping diffusion [39, 43] . In addition, considering the distance between adjacent NEAs, each array can be treated as a global microelectrode and the diffusion layer developing over each array may also overlap [62] [63] [64] . Since all the NEAs are connected together, it is not possible to deconvolute the signal of an individual NEA from the described overall voltammetric pattern. These data demonstrate that the NEAs are electroactive; no residuals of PC which can cause electrical resistance effects are present on the surface of the electrodes. Eventually, the BDDbased MNEAPs operate over a potential range suitable for performing the electrochemical oxidation of Ru(bpy) 3 2 + which is required for ECL generation.
Adding 100 mM TPrA to the PBS solution, which contains already the luminophore, induces drastic modifications of both the electrochemical response and the ECL signal. Figure 2b displays the cyclic voltammogram and the ECL emission profile of the MNEAP recorded in the presence of TPrA. ECL is generated by scanning the potential from 0.2 V vs. Ag/AgCl/KCl, where no faradaic reaction takes place, to 1.2 V vs. Ag/AgCl/KCl. The anodic wave increases significantly at 0.65 V vs. Ag/AgCl/ KCl. It corresponds to the oxidation of TPrA which starts to occur but without ECL emission at this potential. The onset of ECL intensity is contiguous with the oxidation of Ru(bpy) 3 2 + , and strong ECL emission is generated at 1 V vs. Ag/AgCl/KCl. Such a behaviour is consistent with an electrocatalytic reaction mechanism between the luminophore and the co-reactant, both dissolved in the solution. In performing the ECL imaging experiments, we selected a potential of 1.2 V vs. Ag/AgCl/KCl that is slightly higher than the ECL peak potential to be sure to generate strong ECL intensity.
ECL imaging of the MNEAP
ECL imaging has been applied to study various electrochemical phenomena and very small electrodes [48, 52, 53, [65] [66] [67] , but it has not been exploited to investigate the ECL emission of disc or band nanoelectrode arrays as a function of their geometrical features or co-reactant concentrations. In the present work, we used ECL imaging to visualize the spatial distribution of the ECL produced by the different NEAs. Before each ECL experiment, the focus has been adjusted on the MNEAP surface using bright-field microscopy. Then, the white light was turned off and ECL imaging experiments were performed. Figure 3 displays the ECL images recorded with the MNEAP when imposing a constant potential of 1.2 V vs. Ag/AgCl/KCl in a PBS solution containing 1 mM Ru(bpy) 3 2 + and increasing TPrA concentrations, from 1 to 85 mM. The co-reactant TPrA was tested because it is a model system which gives strong ECL signals [2, 10, 14, 15] . In addition, it is widely used for immunoassays and it remains still an active area of investigation [14, 15] . Different competitive mechanistic pathways have been proposed to explain the ECL emission of the tandem Ru(bpy) 3 2 + -TPrA system [15, 68, 69] . But, at high concentrations of the ruthenium complex (>0.1 mM), the prevailing pathway which leads to ECL emission is the catalytic route (also called EC route) [57, 68, 70] . Along this pathway, the catalytic oxidation of TPrA occurs predominantly by a reaction with electrogenerated Ru(bpy) 3 3 + . The ECL process can be thus mainly described by the following reaction sequence:
Ru bpy ð Þ
Ru bpy ð Þ 2þ*
In Fig. 3 , the emitted ECL patterns are clearly detected, with different intensities for each TPrA concentration. For the co-reactant concentrations lower than 5 mM, the image patterns are not well resolved and mainly blurry ECLemitting regions are observed. But, increasing the coreactant concentration allows to better visualize each single electrode and the arrays. Focusing the attention for instance on the images taken at 10 mM TPrA, it can be noticed that the emission patterns are particularly bright and better resolved for the NEAs in the third and fourth columns in the platform matrix, allowing one to clearly recognize the morphological features typical for these arrays. By contrast, the disc and band NEAs with a typical dimension (i.e. radius or width) of 100 nm emit very low light levels and, for the disc geometry, they are difficult to visualize even with the highest TPrA concentration. We can also observe that the intensity of emitted luminescence rises with increasing the dimensions (i.e. radius or width) of the disc and band electrodes in the array. As shown in particular for the NEAs in columns 1 and 2, ECL emission from nanobands is more intense than emission from nanodisc arrays. By comparing carefully the NEAs where ECL was generated in the presence of 30 or 85 mM TPrA, one can note that the ECL intensity increases along the lines (i.e. with a b For a constant inter-electrode spacing, the average ECL intensity increases drastically when increasing the size of the electrode surface (Fig. 4) . On the other hand, for NEAs with the same disc radius (lines 1 and 2 in the same column) or band width (lines 3 and 4 in the same column), local ECL intensity increases as a consequence of the decrease in the spacing between the elements (Fig. 4) . This can be observed by comparing the intensity of the emission between NEAs 1.4 vs. 2.4 or 3.4 vs. 4.4. For example, the ECL signal recorded on the disc NEAs with r = 1000 nm increases by 26 % when decreasing the distance d from 4 to 3 μm (Fig. 4a) . Similarly, for band NEAs with w = 1000 nm, the ECL intensity increases by 38 % when the distance D varies from 5 to 2 μm. In this latter case, the ECL increase is stronger because the variation of the interelectrode spacing is more important. For some of the NEAs used here, the separation distance corresponding to the PC insulating film was as small as 2 μm (NEA 1.4) or 1 μm (NEA 3.4); these values are comparable with the critical dimension of the electrodes in those arrays. It seems therefore reasonable to expect that overlapping conditions be produced so that the thickness of the reaction layer overlap, so enhancing significantly the ECL emission. This indicates that the ECL intensity increases for NEAs where the ECL reaction layers between different electrodes overlap. It is an important result Average ECL intensities were calculated on the same region of interest defined on the NEAs from the images recorded in a solution containing 1 mM Ru(bpy) 3 2 + and 85 mM TPrA. The same experimental conditions with those in Fig. 3 showing that higher ECL intensity is obtained by decreasing the inter-electrode spacing (i.e. d or D). On the other hand, from a diffusional point of view, the total overlap regime may limit the fluxes of electrogenerated species. However, a NEA of a few microns in global size can also be treated as a microelectrode with radial diffusion [62] [63] [64] .
Moreover, the increase in co-reactant concentration generates not only local higher ECL intensities but also concomitant shrinking of the size of the bright spots. Obviously, this corresponds to the shrinking of the ECL-emitting regions. It means that, with increasing TPrA concentrations, the ECL light spots generated in the immediate vicinity of the discs or of the bands are better separated and well resolved around each single electrode element. Additional quantitative information on the characteristics of ECL emission was obtained by plotting the changes of the ECL emission profiles as a function of the co-reactant concentration. For instance, Fig. 5 shows the typical case of NEAs with the centre-tocentre distance d or pitch D of 4 and 5 μm for disc or band geometry, respectively. It corresponds to the second and to the fourth lines in Fig. 2 . At 5 mM, one can observe that the ECLemitting regions are almost merged for the different NEAs and ECL intensities measured locally over the electrode surface are similar to those over the inter-electrode regions. In addition, ECL of the disc located at the periphery of each array is higher in comparison to the values of the disc in the middle (last NEAs on the right in Fig. 5a ). It is most probably related to the cumulative contribution of each single disc electrode which is more important in the middle. Finally, higher TPrA concentrations lead to stronger ECL signals and also to better defined electrode imaging. It shows clearly that the peaks are well-separated at higher co-reactant concentration, indicating that, under these conditions, the ECL-emitting regions are more confined (i.e. less overlapped).
This effect is further illustrated by data in Fig. 6 , where the values of the half width at half maximum (HWHM) extracted from the ECL intensity profiles of the spots for the indicated disc NEAs are plotted as a function of the TPrA concentration. The values of the HWHM are characteristic of the size of the ECL-emitting spots. They were measured for the disc NEAs with the bigger radius (i.e. r = 1000 nm and r = 600 nm) where the effects of the optical resolution of our microscope do not affect the precision of the data. For the NEA 2.4 (r = 1000 nm and d = 4 μm), the value of the HWHM decreases progressively from 3.4 to 1.4 μm when increasing the concentration of the co-reactant (Fig. 6a) . A similar trend is observed in Fig. 6a for the NEA with smaller radius (r = 600 nm). From these figures, it is clear that the thickness of the luminescence emitting zone at each nanoelectrode scales inversely with respect to the co-reactant concentration. In a first approximation, the behaviour observed for the nanodisc arrays can be rationalized by considering the simplified model which allows calculating the size of the ECL emission layer at a single hemispherical ultramicroelectrode. The thickness (μ) of the catalytic reaction layer (i.e. ECL-emitting layer) is determined by the overall rate of ECL reaction sequence described by Eqs. 1-5 and can be calculated by [52, 71] . It is worth stressing that this equation holds for arrays where the electrodes in the same array have sufficiently small dimensions and are sufficiently spaced that the individual reaction layers do not overlap. Application of the above equation to ECL from NEAs under diffusional overlapping conditions must be taken with extreme caution.
Under such conditions, ECL reaction layers calculated for discs with a radius from 100 to 1000 nm and an increasing concentration of TPrA are reported in Table S3 . For disc nanoelectrode with small radius (e.g. r = 100 nm), the thickness (μ) of the ECL reaction layer does not change in an evident manner by increasing the concentration of TPrA, while the effect of TPrA concentration is much more evident with electrodes with relatively larger radius, in agreement with experimental observations. For instance, the calculated thickness (μ) of the ECL-emitting layer for a disc electrode with r = 1000 nm decreases from 0.81 to 0.32 μm when the TPrA concentration increases from 1 to 85 mM. In other words, the electrocatalytic process confines the ECL reaction only in a very thin layer around the electrode surface. Unfortunately, for the electrodes with small critical dimension (e.g. radius or width = 100 nm), it is not possible to evaluate quantitatively the experimental HWHM values since the ECL emission from these arrays is always very low, even at high co-reactant concentrations. In addition, we are also limited by the theoretical optical resolution due to the Abbe diffraction barrier to approximately half the wavelength of the considered light emission (∼200-300 nm). Therefore, we limited our analysis to disc electrodes with bigger radius. For such nanoelectrodes, one can observe in Fig. 6b that the variation of the size of the ECL spots, which is materialized by the HWHM, is directly correlated to the thickness of the ECL reaction layer. It means that the size of the ECL spots and their potential overlapping is controlled by the kinetics of the electrocatalytic process and thus by the concentration of the co-reactant.
Conclusions
In the present work, electrochemical platforms composed of 16 NEAs were fabricated with well-controlled geometry. Arrays of nanodisc and nanoband electrodes with different dimensions and inter-electrode distances were prepared by ebeam lithography on BDD substrates. Their electrochemical and ECL behaviours were characterized by cyclic voltammetry and by ECL imaging. Such platforms allow mapping and comparing simultaneously the spatial distribution of the ECLemitting regions with a single image as a function of the geometrical features of the array as well as of the concentration of the TPrA co-reactant. Thus, ECL imaging provides precious information on the different arrays. At high concentrations of TPrA, well-separated individual ECL spots or bands reveal the size and the distribution of the ECL signal which forms a pattern matching the nanofabricated structure. However, for the smallest tested nanoelectrode, analysis of the monitored ECL signal is affected by the classic limits of optical resolution. We showed that the ECL intensity rises drastically when increasing the size of the electrode surface and also when decreasing the inter-electrode distances. As expected from the electrocatalytic mechanism leading to ECL emission, the thickness of the ECL-emitting zone at each nanoelectrode scales inversely with respect to the co-reactant concentration. The size of the ECL spots is mainly controlled by the concentration of TPrA. Indeed, the catalytic reaction between the a b electrogenerated Ru(bpy) 3 3 + and TPrA confines the ECL process to the immediate vicinity of the electrode surface. Overlapping in that way, the ECL layers leads to stronger ECL signals. These results pave the way for future work in simulating the ECL processes in such complex configurations and at the minute scale. Our approach should allow concomitantly ECL biosensing by optimizing the dimensions of the NEAs which could be used for the immobilization of capture agents, such as antigens or oligonucleotide targets.
